The spatiotemporal evolution of the field and plasma in the optical breakdown induced in the volume of transparent dielectric (fused silica) by the focused fs laser pulse is studied under condition of the so-called plasma-resonance-induced ionization instability that results in the deep small-scale periodic modulation of the breakdown plasma parameters in the direction of the laser polarization. In the framework of the model used, the optical electric field was calculated with allowance for the effects influencing both its long-scale structure (the beam focusing accounted for in the given-ray-tube approximation, phase and group delays, and back reflection) and the small-scale one (quasi-static enhancement in the plasma resonance regions). The plasma density evolution is described by the rate equation taking into account the photoionization, avalanche ionization, and ambipolar diffusion. Based on the fulfilled numerical calculations, we have described the main types of the breakdown wave originating in the focal region and have found the laser pulse intensity range where the instability evolving from very small seed perturbations leads to the formation of the contrast subwavelength periodic structure containing the number of the narrow zones with overcritical plasma density and enhanced energy deposition. The latter allows us to consider this structure as underlying the nanograting formation observed experimentally in the fused silica irradiated by series of repeated fs pulses.
devices based on three-dimensional photonic structures in the bulk of optical materials.
Nevertheless the physical mechanisms predetermining these structures appearance are not revealed completely and remain the subject of discussion. As the likely initial cause underlying the nanograting formation in the transparent dielectric there were analyzed two different ionization-related mechanisms. The first of them is the breakdown around the randomly placed bubbles or atomic structure defects followed, according to numerical simulation results, by the progressive aligning the stochastic sites of ionization (supposedly due to the scattered waves interference [9, 10, 16, [19] [20] [21] or the interface plasma wave excitation [17, 18] ) in more or less ordered rows. The second one (considered in Refs. [22, 23] and being the subject of this paper) is the plasma-resonance-induced (PRI) ionization instability [1, 3, 5] having the quasi-static nature and developing from very small and slight seed perturbations of the plasma density and electric field due to their mutual enhancing effect against the homogeneous background. Its growth rate at the linear stage is maximal for 1D subwavelength modulation of discharge parameters in the direction of laser pulse polarization. An essential question determining the efficiency and practical importance of the latter mechanism is finding the conditions under which the spatially periodic plasma and field structures formed in a single fs laser pulse at the nonlinear stage of the PRI instability are of sufficient contrast to provide the formation of the contrast and deeply modulated grating in the material exposed to the series of the repeated laser pulses. It is this question that we address here, disregarding in particular from the important questions concerning the exact value of the formed structure period, which is some minor fraction (yet not defined exactly in both above approaches) of the wavelength in the ionized medium and will be considered as a given constant.
Both the linear and nonlinear stages of the transverse PRI instability in focused laser beams have been studied previously [1, 3, 5, 22, 23] only in the context of the 1D models devoid of any longitudinal (beam-parallel) structure caused by the beam focusing and pulse delay. In this work, we have studied development of the instability against the non-stationary and inhomogeneous background with allowance for both its transverse (small-scale) and longitudinal (long-scale) inhomogeneities, time delay effects, and the finite velocity of the breakdown wave propagating from the focal region in the direction opposite to the incident radiation. We analyze these effects based on the simplified approach using the separate description of the small-scale (transverse) and long-scale (longitudinal) structures formed in the near-axial region of the paraxial focused beam. The first of these structures is studied in the quasi-static approximation; for the description of the second one, we use the model of the focused wave beam with the given ray tubes.
In the framework of the model considered, the transverse electric field component of the xpolarized and z -propagated paraxial wave beam, with allowance for the transverse small-scale modulation of interest, can be written as 
is the x -averaged field, Λ is the period of the small-scale structure of interest. Eq. (1) is in fact the constitutive equation; its right-hand side is the electric displacement being x -independent in the quasi-static approximation. The medium permittivity m ε is assumed to be initially slightly modulated:
, resulting in the slight transverse modulation in the
, that plays the role of a small seed for the instability of interest.
The long-scale longitudinal structure can be described by the parabolic wave equation for the time-envelope of the average field
where
is the effective permittivity determined by the smallscale transverse distributions ) (x E and ) (x ε . The conventional Laplace operator is written in the wave equation (2) 
, λ is the laser wavelength in the unperturbed medium. In the absence of ionization, the time-dependent solution of Eq. (2) is supposed to be the Gaussian pulse propagating in the z + direction:
Here F E is the maximal unperturbed field amplitude of the incident pulse at the focus, p τ is the pulse width. The boundaries of the calculation region for Eq.
) include the focal region and are assumed to be far enough away from it (
), so that the field amplitude at these boundaries is appreciably attenuated and the ionization is practically absent.
The boundary conditions for Eq. (2), in this case, can be written in the paraxial approximation as the radiation conditions for the transmitted ( ) exp( ikz ) and reflected (~ ) exp( ikz − ) waves in the unperturbed medium:
With the most extensively studied nanostructuring conditions in mind (fused silica ionized by 800 nm 100 fs laser pulse), the electron density rate equation taking into account the multiphoton and electron impact ionization, recombination and diffusion has the form
Here, phi W and a W are the rates of the multiphoton (6-photons for the fused silica) and avalanche (electron-impact-induced) ionization, respectively, determined by the known expressions [14, 26, 27] ) ( 
is the local intensity, 1 . The equation system (1), (2), and (6) was solved numerically with the radiation conditions by the given time t (see also [3, 30] )
Here, resulting in the formation of a high contrast periodic plasma structure with rather narrow zones of the overcritical density and strong electric field (Fig. 1b, 2b) . What is of prime importance, is < , the growth rate of the instability is too small, the periodic perturbations of the field and density at the given small seed modulation (
) have no time to become appreciable, the instability does not achieve its nonlinear stage, and the contrast transverse structure is not generated (Fig. 1a, 2a, 3a) . At 2 max I I > , the instability evolves but at more slow rate (for lack of the resonance sharpening effect), resulting in the decrease of the maximal energy deposition and the contrast of the formed periodic structure. The existence of some optimal intensity range for the grating-like structure formation agrees with the experiments [8] .
To conclude, we have studied the dynamics and structure of the laser-pulse-produced discharge affected by the small-scale (plasma-resonance-induced) ionization instability within the volume of the transparent dielectric (fused silica). The instability originating from small seed periodic perturbations against the background of quasi-homogeneous discharge results at its nonlinear stage in the deep subwavelength modulation of the discharge parameters along the incident pulse polarization. The simplified model used has allowed us to take into account both the long-scale field variations (caused by the beam focusing, phase and group delays, and backward reflection) and the small-scale ones (quasi-static field enhancement in the plasma resonance region). The rate equation for the plasma density has allowed for the photoionization, avalanche (electron-impact induced) ionization, and the ambipolar diffusion. Based on the fulfilled numerical calculations we have found the laser pulse intensity range where the instability considered leads to the formation of the contrast periodic structure containing the number of the narrow zones with overcritical plasma density and enhanced energy deposition.
The latter allows us to consider it as underlying the nanograting formation observed experimentally in the transparent dielectric irradiated by the series of repeated fs pulses. 
